aseline emission measurement and field evaluation of abatement methods for poultry facilities are rare for airborne total suspended particulate (TSP) and PM 10 (particulate matter <10 mm) (Ellen et al., 2000) . Reliable scientific data facilitate the development and assessment of technologies to control PM emissions, aids the development and expansion of the poultry industry, and avoids under-or overestimating emissions due to lack of data or inaccurate data. Proving economical PM abatement methods for layer barns in the field will remove a major barrier to widespread adoption. The collection of reliable emission data and the accurate assessment of PM control technologies at commercial egg production facilities have therefore become research priorities. Some PM emission data from high-rise layer barns have been reported in recent years in conjunction with other studies. Particulate matter concentrations and emissions measured using three tapered-element oscillating microbalances (TEOMs) during six days in June of 2003 were reported for one high-rise layer barn (Lim et al., 2003) . The average daily mean (ADM) concentrations of PM 2.5 (PM <2.5 mm), PM 10 , and TSP were 39 ±8.0 (ADM ±95% CI), 518 ±74, and 1887Ă±563 mg/m 3 , respectively. The ADM emission rates were 1.1 ±0.3, 16 ±3.4, and 63 ±15 g d -1 AU -1 (AU = 500Ăkg live mass) for PM 2.5 , PM 10 , and TSP, respectively. Daytime PM 2.5 , PM 10 , and TSP concentrations were 151%, 108%, and 136% higher (P < 0.05) than nighttime concentrations. Emissions peaked in the daytime, when birds were most active and ventilation rates were the highest. PM emission was positively correlated to barn airflow, outdoor and exhaust temperatures, and relative humidity (P < 0.05).
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Using similar methods, PM emissions were measured at two 250,000-hen layer barns for 380 d . The ADM PM 10 concentration was 971 mg/dsm 3 (mg per dry standard m 3 ), and the mean emission rate was 22.0 g d -1 AU -1 or 70.3 mg d -1 hen -1 . The highest PM concentrations and emissions were observed during manure loadouts.
The effectiveness of various PM abatement technologies has been characterized. A new belt-battery laying facility was monitored for its effectiveness in reducing PM emissions as compared with high-rise barns (Zhao et al., 2005) . The mean PM 10 emission rate of the belt-battery barn was 62% of the two high-rise barns, which were measured simultaneously using the same methods. However, the TSP concentrations and emission rates were similar to the highrise barns.
A small-scale electrostatic space charge system (ESCS) was tested to reduce PM concentration in a broiler breeder B house (Mitchell et al., 2004) . Ceiling fans distributed negatively charged air throughout the room and moved charged PM toward the grounded litter, where most of the PM was captured. The system reduced airborne PM by an average of 61% and airborne bacteria by 67%. Earlier studies with an ESCS resulted in similar PM reductions in poultry hatching cabinets and caged layer rooms (Mitchell et al., 2002; Mitchell et al., 2000) .
In the research reported here, a particulate impaction curtain (PIC), manufactured in Germany, was installed in a high-rise layer barn for PM emission abatement. The objectives were to:
S Quantify and characterize baseline PM emission rates for high-rise layer facilities. S Demonstrate the apparent PM removal efficiency of the PIC. S Evaluate the technical feasibility of the PIC over a period of six months.
METHODS

DESCRIPTIONS OF BARNS
The two high-rise caged-hen layer barns in Ohio were constructed in 1994 along with 12 other barns at the facility. The barns were oriented east-west and spaced 21 m apart ( fig.Ă1 ). Each barn was 201 × 21 m and housed about 169,000Ăhens in eight rows of 4-tier cages in the 3.3-m high upper floor. Manure was scraped off the floor under each row of cages into the 3.2-m high first floor every day in early morning, and was stored for a maximum of about 12 months. Manure drying in the first floor was enhanced with eighteen 918-mm diameter auxiliary circulation fans (model VG36DM3F, J&D Manufacturing, Eau Claire, Wisc.). The drying fans were arranged along the sidewalls in two rows of nine fans per barn.
Ventilation air entered the upper floor (cage area) from the attic through temperature-adjusted, baffled-ceiling air inlets above the cages, and flowed through continuous manure slots beneath each cage row into the first floor and through exhaust fans on the sidewalls of the first floor. There were twenty-five 1. 22-m (48-in.) diameter belted exhaust fans (fans 1 to 25) (Advantage Fan model AT481Z3CP, Aerotech, Lansing, Mich.) distributed along the east sidewall and 25 on the west sidewall (fans 26 to 50) ( fig. 1 ). The fans were spaced 7.3 m apart. Each barn was ventilated with ten temperature-based stages. The first, second, and third stages consisted of 1, 2, and 3 fans each. The stages were assigned to fans on both sidewalls in barn 1, but in barn 2 the west sidewall fans were only the summer fans (stages 8, 9, and 10). This allowed the possibility of removing the west PIC in case it excessively restricted the summer airflow.
Eggs were collected by conveyors into the on-site egg processing plant. The second-floor lights were shut off for 8Ăh each night. Egg production and water and feed consumption were recorded automatically, while daily hen mortalities were recorded manually by the producer.
EXPERIMENTAL SETUP
Continuous emission measurements at the two mechanically ventilated layer barns were conducted for six months beginning 1 August 2004. An air-conditioned, onfarm instrument shelter (OFIS) was stationed between barnĂ1 (B1) and barn 2 (B2) to protect instruments and provide storage, and on-site laboratory and office space for researchers. Environmental instrumentation, a computer, a data acquisition system, TEOM (model 1400a ambient PM 10 monitor, Rupprecht & Patashnick Co., Albany, N.Y.) control units, and supplies were also housed in the OFIS. Suspended 10-mm ID PVC pipe raceways were used to protect signal cables and the vacuum hoses for the TEOMs. The vacuum hoses in the raceway were heated to prevent condensation.
Prior to the six-month test, a 10-d preliminary or pilot test of the PIC was conducted at a single, continuous sidewall fan of the same layer barn. Measurements were conducted such that any differences between the PIC inlet and outlet PM concentrations were quantitatively determined to derive the PM control efficiency of the PIC. 
PARTICULATE IMPACTION CURTAIN
The PIC (Big Dutchman International, Vechta, Germany) resembles a non-rigid, ceiling-to-floor filter/curtain combination partition ( fig. 2) . A similar dust filter system, called StuffNix, is available in the U.S. The filter portion of the partition reduced PM emissions by removing airborne particles by impaction as air struck the curtain and flowed through it. The filter was 0.91 m tall, V-shaped, folded, and perforated cardboard screens, with a maximum PM removal efficiency of 70% as specified by the manufacturer. In this study, the PM removal efficiency of the PIC was evaluated in a preliminary test (PIC installed at a single continuous fan) and a full-scale test (PIC installed along two sidewalls, 25Ăfans each).
PARTICULATE MATTER CONCENTRATION MEASUREMENT
Particulate matter (PM 10 ) concentrations were measured with four TEOMs that were located near the inlets of fan 38 in B1, fan 13 in B2 (B2 east PIC or B2EPIC), fan 38 in B2 (B2Ăwest PIC or B2WPIC), and at the inlet side of the PIC near fan 13 in B2 (B2 untreated, fig. 1 ). The TEOM is designated by the U.S. Environmental Protection Agency (EPA) as an equivalent method for PM 10 (EPA Designation No. EQPM-1090-079). In B2, the PIC cramped the space at B2EPIC for locating the TEOM, which required low air speeds around the inlet. Fortunately, a low-velocity region about the size of the TEOM inlet occurred in front of the exhaust fan and adjacent to the PIC. The low air velocity was due to the converging and turning of two opposing flow streams into the fan. The TEOM inlet was, therefore, located in this zone.
The TEOM pumps and controllers were housed in the OFIS and provided a vacuum to the filters via long tubes. The sample stream temperature was maintained at 50°C. Inlet PM 10 concentrations were measured from 16 December 2004 to 12 January 2005 on top of the OFIS.
TSP was collected at the inlets of the exhaust fans using a multipoint gravimetric TSP sampler that drew 20 L/min through each of three 37-mm glass fiber filters (loaded in three-piece open-face filter holders) using the critical venturi method (Jerez et al., 2006) . The filter holders were fitted with isokinetic sampling nozzles that pointed directly into the exhaust air leaving the barns.
The sampling nozzles were located at three different heights at the fan inlet and less than 0.5 m from the fan blades. These locations were carefully selected by using a portable vane thermo anemometer (model 451126, Extech, Bohemia, N.Y.) to match the air velocity required to sample isokinetically. The isokinetic conditions were achieved by adjusting the positions of the sampling nozzles near the fan until the air speed at each 15-mm diameter nozzle inlet was 2 ±0.2 m/s.
Filters were replaced one to three times weekly with sampling periods of 1 to 3 d, depending on the TSP concentrations at the sampling locations. Following EPA Method 17 (USEPA, 2000) procedures for recovering PM from stack sampling probes, the inside surfaces of the nozzles were rinsed with acetone and brushed with a nylon bristle brush. The acetone rinse was kept in 250-mL glass bottles and transported with the filters to the laboratory. The rinsate was evaporated at room temperature in aluminum weighing dishes and weighed using an analytical balance with a 0.1-mg resolution. The filters were placed in desiccators for more than 7 d and weighed at least daily to obtain a constant mass (<1 mg daily changes). TSP concentrations were determined by dividing the sum of the TSP masses collected in the acetone rinsate and in the desiccated filters by the total sample air volumes.
The PM concentrations measured by the TEOMs and TSP samplers were adjusted to report PM concentration data based on standard conditions, defined as one atmosphere pressure (1 atm) and 20°C.
PRESSURE
Barn static pressures were measured continuously near the exhaust fans using differential pressure transmitters (model 2671-100-LB11-9KFN, Setra, Boxborough, Mass.), which had a measurement range of ±100 Pa and an accuracy of ±1% full scale. The purpose of this measurement was to monitor operation of the ventilation system and to calculate fan airflow using fan performance curves. A pressure transmitter was used to continuously measure the pressure difference across each building sidewall to obtain fan operating pressure. A pressure transmitter was used to measure pressure differentials across each PIC ( fig. 1 ). The pressure sensors were calibrated by shunting the ports to induce zero pressure and comparing with a parallelconnected inclined manometer (Dwyer) at various artificially induced span pressures every three months. Atmospheric pressure was monitored with a barometric pressure transducer in one of the TEOMs.
VENTILATION AND ENVIRONMENTAL VARIABLES
The operating status (on/off) of each fan stage was monitored via auxiliary contacts of the fan motor control relays and backed up with either an open impeller anemometer or a vibration sensor installed at each individual fan. Fan airflow capacities were measured in October 2004 with a calibrated portable fan tester that consisted of multiple traversing impeller anemometers (Gates et al., 2004) . During these tests, the building static pressure was recorded and the airflow was compared with the ventilation rates estimated from independent tests of a fan of the same model and published by the manufacturer. The actual fan airflow was estimated from static pressure using a fourth-order polynomial equation that was developed for each ventilation fan based on field test data. The barn ventilation rate was calculated every minute by summing the individual operating fan airflow rates.
The temperature, barometric pressure, and humidity of exhaust air were needed for density correction to standard conditions. Copper-constantan thermocouples (type T) were used to sense temperatures at the following locations: (1)Ăexhaust air sampling points, (2) inside of cages, (3) heated sampling tube raceways, and (4) instrumentation in the OFIS. The sensors were calibrated prior to and following the test using a constant-temperature bath.
A relative humidity (RH) and temperature (T) probe (model HMW61, Vaisala, Woburn, Mass.) was collocated with each TEOM ( fig. 1 ). Another RH/T probe (Vaisala model Humitter 50Y) was located in an emptied cage at the center of each barn. A solar-radiation-shielded RH/T probe (Vaisala model HMD60YO), a cup anemometer, and a wind direction vane were attached to the top of B1.
Hen activity was monitored using passive infrared motion detectors (model SRN-2000N, ADI, Inc., Bridgeview, Ill.) that generated voltages proportional to movement . The detectors were mounted on the ceiling above each row of cages in both barns and tilted slightly downward to face the cages.
DATA ACQUISITION AND PROCESSING
A custom PC-based data acquisition and control (DAC) program was developed using LabView for Windows (National Instruments, Austin, Tex.). The DAC hardware included several external National Instruments FieldPoint modules and an internal National Instruments PCI 6601 DIO card. A separate internal data acquisition (DAQ) card coupled with an external expansion board (PCIM-DAS1602/16 and EXP32, respectively, Measurement Computing Corp., Norton, Mass.) provided 32 more analog input channels. Four digital input modules (MiniLab 1008, Measurement Computing Corp.) acquired digital input signals from the vibration sensors. Data acquired by the DAQ system were sampled at a frequency of 1 Hz, then averaged every 15 and 60 s, and recorded.
A custom data processing program, CAPECAB (Calculation of Aerial Pollutant Emissions from Confined Animal Buildings), was used to process the 60-s data set (Eisentraut et al., 2004a (Eisentraut et al., , 2004b . Invalid data due to calibration, analyzer malfunction, or lack of complete information such as fan operation were excluded from the emission calculations . PM concentrations were converted to concentrations at standard temperature and pressure (STP; 1Ăatm and 20°C) for calculating emissions. Emission rates of PM 10 and TSP were calculated by multiplying concentrations by barn ventilation rates. The emission rate of PM 10 was calculated every minute, while TSP emission was calculated for each 1-to 3-d sampling period. Average daily means were calculated using only days with over 70% valid data (complete-data days). Any ADM values that did not have sufficient valid data were automatically excluded and not reported by the CAPECAB program. ADM for both barns were calculated as weighted means. Statistical analyses of paired t-tests were conducted to compare the variables measured for the two barns.
Since the PM 10 concentrations reported by the TEOMs were based on 1 atm pressure and 25°C, the gross PM 10 emission rate was calculated as: 
PRELIMINARY TEST OF THE PIC
A temporary, partial PIC was installed around fan 22 of B2 for a one-week long preliminary test (fig. 3 ). The dimensions of the PIC (upper part of wall partition) were 12.2 × 1.8 m (40 × 6 ft) for a nominal area of 20.7 m 2 and total area, including the wooden frame, of 67.7 m 2 . The partition was located 1.1 m from the barn sidewall, and wood frame walls were used to enclose both ends. A personnel access door was installed at the south end wall. The enclosure was sealed to force all the fan exhaust air to flow through the PIC.
The overall PIC was framed into eight filter sections. The effective height of each section was 0.9 m. The top four sections were numbered 1, 3, 5, and 7, while the bottom four sections were numbered 2, 4, 6, and 8, from north to south. The lengths were 2.4, 3.6, 3.1, and 2.8 m for sections 1 and 2, 3 and 4, 5 and 6, and 7 and 8, respectively.
The PIC was tested from 7 to 14 June 2004. Measurements were conducted with TEOM PM 10 monitors and gravimetric TSP samplers (with critical venturis) located upstream (inlet side) and downstream (outlet side) of the PIC. The fan was operated continuously during the test, and the difference between inlet and outlet PM concentrations were used to derive the PM control efficiency of the PIC.
Two tests were conducted during this short-term evaluation of the PIC. In trial 1, the full area of the curtain was exposed, resulting in a face velocity (air velocity measured at inlet) of 0.50 m/s. In trial 2, 40% of the curtain was covered with plastic, resulting in a face velocity of 0.73 m/s. The plastic was installed over sections 1, 2, 7, and 8 on 10 June. Trials 1 and 2 were conducted for 6 and 4 d, respectively.
Fan airflow rate was determined by traversing the fan inlet using a hot-wire anemometer (model 444, Kurz, Inc., Monterey, Cal.), for trials 1 and 2, on 9 and 10 June, respectively. On 9 June, air speeds were measured with replication at the center of 81 equal rectangular areas of the fan inlet. On 10 June, the air speeds at the same 81 locations were measured without replication. Similar to the six-month test, isokinetic TSP sampling for the PIC outlet side was achieved by adjusting the position of the sample probes near the fan until the air speed at the probe nozzle inlet was within 10% of 2.0 m/s. The nozzles were located 0.2 to 0.3 m from the west edge of the fan inlet opening and faced into the air stream. For the PIC inlet measurement, 25-mm open-faced filter holders were used and faced upstream of the PIC (away from the sidewall and fan) about 0.6 m north of the TEOM. At 20 L/min, the inlet air speed of the open-faced filter holder was 0.68 m/s. Isokinetic conditions could not be achieved because the air speed dropped quickly to <0.25 m/s away from the PIC in the upstream direction. Within about 2.5 cm from the curtain, the air speed was similar to the air speed through the PIC.
The sample integration time for the TEOM was 5 min, and the data were downloaded every 24 to 48 h. The integration times for the TSP samplers were 24 to 96 h. The flow rates of the TSP and PM 10 samplers were checked prior to and after the test.
FULL-SCALE TEST OF THE PIC
For this test, the PIC was installed along the two first floor sidewalls of B2 ( fig. 1 ) so that all barn exhaust air flowed through the PIC prior to being exhausted by the fans. The dimensions of the PIC (upper part of wall partition) were 183Ă× 1.8 m (600Ă× 6 ft) for a total area of 335 m 2 . The partition was located 760 mm from the sidewall and was connected to the sidewall on each end with short wood frame end walls. A personnel access door was installed in each of these end walls. The enclosure between the PIC and the building sidewall was sealed to force all the fan exhaust air to flow through the PIC. However, some leakage into the PIC enclosure was inevitable. The design face filter air speed was 0.8 m/s. Lower air speeds could be expected to decrease PM capture efficiency.
RESULTS AND DISCUSSION
RESULTS OF PRELIMINARY TEST
The PIC significantly reduced PM 10 emission from fan 22 during the preliminary test. The daily mean control efficiency ranged from 33% to 49% (table 1). The lowest efficiency was observed at the low curtain face air speed. The overall mean reduction was 34% and 46% at low and high air speeds, respectively. Furthermore, the efficiency of the PIC was influenced by the PM concentrations in the barn. The PIC efficiency was lower when PM concentrations decreased at night.
The observed TSP abatement efficiency ranged from 62% to 72% and averaged 66%. It was apparently not affected by air speed. The TSP concentrations of air entering the curtain ranged from 2300 to 3000 mg/m 3 (table 2), compared with the PM 10 concentration that averaged 655 mg/m 3 .
The average curtain air speed with the full area exposed (low air speed) was 0.47 m/s (ranged from 0.44 to 0.50 m/s). With the plastic cover on part of the PIC, the mean PIC face velocity was 0.73 m/s. The average fan inlet air speed was 5.5Ă±0.8 m/s (mean ±standard deviation) during trial 1 and 4.6 ±0.7 m/s during trial 2. The fan airflows measured with the full (trial 1) and partial (trial 2) PICs were 10.3 and 8.6Ăm 3 /s, respectively. The airflow decreased by 17% when the effective PIC area was decreased 43.5% from 20.7 to 11.7Ăm 2 . 
RESULTS OF FULL-SCALE TEST
The data completeness for PM 10 emission (the number of days with over 70% valid data) was 81% and 83% during the six-month period for B1 and B2, respectively. Several days of data were missing because of equipment theft, damage due to lightning, and a water supply pipe failure.
The basic statistics of important variables including barn inventory, environment variables, and ADM values are reported in tables 3 and 4. The test started with 172,522 and 163,800 hens and ended with 154,004 and 159,327 hens in B1 and B2, respectively. The ADM bird mass was 1.65 and 1.46Ăkg for B1 and B2, respectively. The flocks of Hy-Line W36 hens in B1 and B2 were 93 and 16 weeks old when the full-scale test commenced on 1 August 2004.
The ADM total live masses of B1 and B2 were 547 and 472 AU (AU = 500 kg live mass), respectively. The decrease of total body mass in B1 occurred prior to their removal from the barn as spent hens in February 2005 (fig. 4) . On the other hand, B2 started with a new flock of hens, which was still growing at the end of the test.
Barn ventilation rates were generally higher in warm weather and lower in cold winter (figs. 4 and 5). Daily mean airflow ranged from 26 to 350 dsm 3 /s and averaged 112Ădsm 3 /s in B1. Daily mean airflow ranged from 22 to 329Ădsm 3 /s and averaged 117 dsm 3 /s in B2. Daily mean barn ventilation rates were observed to increase with ambient temperatures, and the relationships were similar for both barns ( fig. 5) .
The daily mean barn (at cage level), exhaust (at pit ventilation fans), and ambient temperatures are presented in figure 6 . The ADM barn temperatures were 23.1°C and 23.9°C for B1 and B2, respectively. They were not statistically different (P < 0.001) based on a paired t-test. However, the temperatures of B1 were maintained generally higher at the beginning of the test and became generally lower than B2 starting in October 2004. Daily mean ambient temperatures ranged from -15.5°C to 25.6°C and averaged 9.2°C. The ADM exhaust (pit ventilation fan) temperatures of up to six sampling locations were 20.3°C and 20.0°C for B1 and B2, respectively. The most likely reasons for lower temperatures at the first floor pit exhausts as compared with the upper floor cages are as follow:
S Birds on the second floor release significant amounts of sensible heat. S The first floor was unheated and had uninsulated concrete walls. S Cooler outside air infiltrated the first floor area through leaks in the shutters of non-operating fans. The ADM fan differential pressures (averages of the west and east sidewall sensors) were -21.5 and -30.9 Pa for B1 and B2, respectively ( fig. 7) . The daily mean fan pressures ranged from -3.4 to -35.5 Pa and -12.5 to -46.1 Pa for B1 and B2 respectively. The lower ADM and range of fan pressure at B2 were due to the pressure drop caused by the PIC. The two barns apparently had similar daily mean hen activity patterns until mid-December 2004 ( fig. 7 ) when B2 decreased in measured activity levels.
Daily mean exhaust air relative humidity (RH) ranged from 48% to 84% and from 49% to 99.8% for B1 and B2, respectively, while the ambient RH ranged from 56% to 98%. The ADM RH was 78% for ambient air, and 66% and 71% for B1 and B2, respectively. The exhaust RH of both barns did not seem to differ significantly until December 2004, when the exhaust RH of B2 appeared to be consistently higher than B1 (based on paired t-test, p > 0.05 for August to November, and p < 0.05 for December and January).
PM 10 Concentrations
The ADM PM 10 concentration in the exhaust air of B1 was 565 mg/dsm 3 ( fig. 8) . In B2, the ADM PM 10 concentration in the center of the first floor (B2 untreated) was 500 mg/dsm 3 , while those after the PIC were 432 (n = 28 d) and 291 mg/dsm 3 (n = 147 d) on the west (B2WPIC) and east (B2EPIC) sides, respectively. The untreated PM 10 concentrations were similar to the short-term summertime average of a high-rise layer barn in Indiana (Lim et al., 2003) . Barn inlet PM 10 concentration was 58.8 mg/dsm 3 during the 27 d (16 Dec. to 12 Jan.) in winter. During this period, the inlet PM 10 concentration was 10.3% of the B2 exhaust concentration. This percentage is likely to be much higher in warmer weather with more fans operating and exhausting PM into the area between the barns and under the eave inlets. Thus, the gross PM 10 emission rates presented in this report included a significant fraction of PM 10 (at least 10%) that re-entered the barn through the ventilation inlets.
The relatively high PM 10 concentration of B2WPIC was due to the small number of complete-data days in August and September ( fig. 8) when most of the west side fans operated. After late September, all west side fans quit operating because all of them had been assigned to the hot weather ventilation stages. The concentrations of B1 generally increased from August to January, as would be expected with lower ventilation airflow to clear the PM 10 from the barn. The concentrations in B2 did not follow this pattern during the entire test.
According to producers, it usually requires approximately six weeks for a new flock of hens to adapt to a new cage environment. In this test, the new birds in B2 produced higher PM 10 concentrations and emissions during this period. All three PM 10 concentration measurements in B2 were greater than in B1 at the beginning of the monitoring period until mid-September ( fig. 8) , which approximately corresponds to the six weeks of adaptation.
Comparing days in August and September when B2WPIC data were valid (n = 28), the ADM PM 10 concentrations were 346, 590, and 372 mg/dsm 3 for B2WPIC, B2 untreated, and B2EPIC, respectively. Based on these days, the B2WPIC and B2EPIC PM 10 concentrations were 33% and 38% lower than B2 untreated, respectively. These reductions were similar to the observations in the preliminary test. A lower efficiency for B2WPIC was expected because there were fewer fans operating on the west side, and consequently a lower PM impaction velocity.
Compared with concentrations, the patterns of PM 10 emission rates appeared to be strongly affected by ventilation rate ( fig. 9 ), which decreased with lower ambient temperatures. The ADM untreated PM 10 emission rates of B1 and B2 were 30 and 35 mg d -1 hen -1 (9.2 and 12.6 g d -1 AU -1 ), respectively; while the treated PM 10 emission of B2 was 22 mg d -1 hen -1 (8.0 g d -1 AU -1 ). The untreated values were lower than a typical short-term summertime mean of 51Ămg d -1 hen -1 (16 ±3.4 g d -1 AU -1 ) measured at an unabated high-rise layer barn (Lim et al., 2003) .
The reduction of PM 10 emission rates was 41% based on measurements before (control) and after (treated) the PIC. Results of a t-test analysis (paired samples) indicated that the treated concentration and emission rate of B2 were significantly lower (P < 0.001) than the untreated B2. Furthermore, the treated daily mean PM 10 emission rate of B2 was consistently lower than the untreated B1 throughout the test (fig. 9 ). There was no significant difference between the B1 and B2 untreated gross emission rates, even though the B2 emissions were significantly higher at the beginning of the six-week bird adaptation period. The measurement of PM 10 concentration in B2 was discontinued on 16 January 2005 after a broken water supply pipe flooded the first floor, damaged the east TEOM, and caused the center TEOM to be inaccessible.
Results of TSP Measurement
Mean TSP concentration of 27 measurements in the exhaust air of B1 was 2800 ±745 mg/dsm 3 , or 4.3 times the mean simultaneously measured PM 10 concentration. The mean TSP concentration in the exhaust air of B2 was 1600Ă±729 mg/dsm 3 (n = 27), or 6.3 times the simultaneously measured PM 10 concentration. Therefore, the PM 10 fraction of TSP was 22% and 16% for B1 and B2, respectively. Although it seems counterintuitive that the PM 10 fraction of PIC outlet air was less than untreated B1 air, the following should be considered: S The TSP concentration of PIC inlet air was not measured; thus, the PM 10 fraction prior to the PIC is unknown. S The birds in B1 had lost many of their feathers and were less active since they were 77 weeks older than the birds in B2, which were fully feathered. Most of the TSP is probably derived from feather, feed, and fecal particles. A bird with new and full feathers can release more PM than a bird with fewer feathers. S The PM 10 fraction was only 9.1% at a belt-battery barn where the fans were located about 1 m from the cages (Zhao et al., 2005) , and the flock was the same age as B2 in this study. The mean TSP concentrations and emissions of B1 and B2 are presented in figure 10 . The exhaust TSP concentration of B2 was 43% lower (P < 0.05) than B1. The 43% concentration difference cannot entirely be attributed to the PIC removal efficiency, because the TSP concentration of PIC inlet air was not measured in the full-scale test. However, the PM 10 differences between the barns in the full-scale test were similar in magnitude to the PM 10 and TSP reduction caused by the PIC in the preliminary test, suggesting that the PIC is the most likely cause of reduced TSP emissions from B2.
Since previous studies have not accounted for nozzledeposited PM, an analysis was conducted to determine the importance of collecting and weighing the acetone rinsate from cleaning the nozzle. The mean TSP concentrations determined without the acetone rinsate were 2370 and 1370Ămg/dsm 3 , while the TSP concentrations determined with the acetone rinsate were 2800 and 1600 mg/dsm 3 for B1 and B2, respectively. The PM deposited onto the sampling nozzles thus accounted for 15.3% and 14.5% of the total PM mass collected for B1 and B2, respectively. It is therefore very important to recover the nozzle-deposited PM by rinsing with acetone and determining the mass of the PM collected in the rinsate (similar to procedures listed in EPA Method 17).
The mean TSP emissions were 147 ±98 and 81 ±65 mg d -1 hen -1 (43.6 and 27.6 g d -1 AU -1 ) for B1 and B2, respectively ( fig. 10) . The TSP emission rate of B2, with the PIC, was 39.4% lower (P < 0.05, paired t-test based on emission rate in g d -1 AU -1 ) than B1. In fact, both TSP concentration and emission at B2 with the PIC were consistently lower than B1 throughout the test period, except for the last day of the test. The use of PM abatement technology such as the PIC thus presents a means to reduce TSP emission rate for large-sized farms. However, the average ambient temperature during TSP sampling in this study was 8.0°C, which represented cooler weather and thus lower ventilation than the annual average because TSP measurements did not begin until September. More research is needed to quantify the impact of PIC in warmer weather, and to conduct a year-round emission study to verify extrapolating the annual emission rate based on emission rates of shorter measurement periods as in this test.
PRACTICAL ISSUES ASSOCIATED WITH THE PIC
Mechanical Problems S The plastic skirt at the bottom of the PIC partition was pushed into the narrow walkway by manure accumulation. This further narrowed the walkway and made the plastic skirt more susceptible to damage. S The flimsy and fragile PIC required a "hands-off" policy to prevent damage. With minimal effort, a person could push their hand against the filter to push it out of the frame. Accidental or incidental contact with the PIC had caused damage ( fig. 11 ). S The accumulation of manure on the bottom plastic skirt made the removal of manure from the first floor next to the curtain impossible without damaging the PIC. This was not tested because the PIC was removed from the barn prior to manure removal activities. S The PIC filter works most effectively in dry air.
However, the first floor was moist, especially in winter when the relative humidity of exhaust increased to 80% and greater. By December, the material of the PIC filter absorbed moisture; which weakened it structurally. Many sections of the PIC were found either seriously damaged or completely removed ( fig. 11 ). The curtain may work better in warmer climates. S The PIC increased static pressure on the ventilation fans. The higher pressure caused each fan to produce less airflow. Therefore, the B2 ventilation controller operated more fans to achieve temperature control, especially in the summer with higher airflows and greater PIC pressure differentials. The data show that B2 had more fans operating than B1 ( fig. 12 ). For the entire test, all 50 fans operated 18.0% of the time in B2 and only 12.7% in B1. The ADM ventilation rates for the complete-data days were 116 and 109 dsm 3 /s for B1 and B2, respectively. However, the ADM operating fan numbers were 17.9 and 19.2 for B1 and B2, respectively. These findings clearly suggest that B2 required 7% more fans to deliver 6.5% less ventilation airflow, thus increasing the operating cost of B2 with the PIC. Based on these data, B2 will need 2.2 more fans (B2 had 1.3 less fans running and 7 dsm 3 /s lower ventilation rate) to create similar amount of airflow as B1. Assuming the mean ventilation rate is representative of the annual value (the six-month test mean ambient temperature is comparable to the annual temperature), the electricity cost is $0.06/kWh, and the 4.3-A, 230-V fan motor is operating at 85% efficiency, the annual increase in electricity cost was estimated to be about $1325 for B2. Safety Issues S Collected PM on the PIC was released into the face of workers upon accidental contact with the PIC, and this caused potentially serious eye and nose irritation. S The PIC blocked the first floor lights. Darkness was a safety hazard. S The walkway between the PIC and the sidewall was very narrow, especially in the PM sampling area, and workers had to avoid tripping over the numerous braces on the floor. Maintenance Problems S The walkway along the PIC was so narrow that it was difficult to access and maintain the instruments inside the walkway. S Since the PIC was located close to the manure windrow, access to the front of the PIC for maintenance was limited, especially when the manure became wet. S As feathers and PM accumulated on the filter surfaces, the air passageways decreased, resulting in a higher pressure drop across the PIC ( fig. 13 ). The PIC was cleaned in October 2004 by sweeping the surface with brooms and tapping the frame with a stick along the length of the PIC. By December 2004, the PM on the filter had absorbed enough moisture that it could not be easily cleaned off the PIC. S Feathers tended to lodge themselves in the 1 in.
(2.54Ăcm) diameter holes, and filtered/gathered additional PM. Feathers produced during molting at some farms would exacerbate this problem. Molting did not occur during this test. S The PIC was inspected regularly, and any holes in the PIC were immediately covered with plastic. The number of repairs increased significantly in December. This reduced the effective opening area, but this was not a problem in the winter when airflow was low. However, many sections of the PIC would have needed to be replaced by spring when airflow increased again. The life of the PIC was thus short. S An accumulation of condensate from the uninsulated concrete wall was observed on the floor of the PIC enclosure in the winter. Measurement Difficulties S The narrow PIC enclosure made the outward airflow velocity profile change more significantly when the neighboring fans turned on and off. S A broad assumption of uniform mixing was necessary with the selection of only one PM monitoring location for the untreated air and one location for the treated air. S In winter, when only one fan draws air through a 183-m long PIC, a large nonuniformity in the airflow along the full length of the PIC is expected. This nonuniformity decreases as more fans operate. However, it is more desirable to stage the fans so that the operating fans are distributed along the wall as much as possible. For example, if 3 fans are needed, operating only fans 1 to 3 at the end of the barn would create a serious nonuniformity, whereas a more effective plan would be to operate fans 4, 13, and 22.
Infiltration into the PIC Enclosure
Some leakage probably occurred around the PIC. This PIC leakage is defined as air flowing into the enclosure through other openings, bypassing the filter. In this test, there were some minor leakages that occurred around the personnel door at each end of the walkway, through small holes in the framework, and through the seal between the frame and the ceiling. Some leakage occurred through a small crack where the ceiling met the wall along the length of the barn. Leakage also occurred through non-operating fans as air flowed backwards through cracks in the backdraft shutters. The implication of this leakage on the measurements is that it would have diluted the PIC outlet PM concentration and provide a systematic bias towards greater efficiency.
SUMMARY AND CONCLUSIONS
S The average ambient temperature during the 184 d test was 9.2°C (ranged from -15.5°C to 25.6° C), which is only slightly cooler than the annual average temperature of 10°C.
S Average daily mean gross PM 10 emissions from highrise layer barns 1 and 2 were 30 and 35 mg d -1 hen -1 , respectively. S The PIC reduced the PM 10 emission by 41% based on measurements before and after the PIC in barn 2. S The mean of 27 TSP concentration measurements in the exhaust air of barn 1 was 2800 mg/dsm 3 , or 4.3 times the PM 10 concentration measured simultaneously. The mean of 27 TSP concentration measurements in the exhaust air of barn 2 was 1600 mg/dsm 3 , or 6.3 times the PM 10 concentration measured simultaneously. S The mean gross TSP emissions of barns 1 and 2 were 281 mg/s and 152 mg/s, respectively. Barn 2 with PIC had 47.4% lower TSP emissions.
RECOMMENDATIONS FOR FUTURE RESEARCH
S Always include PM recovered by acetone rinsing of the inside surfaces of the TSP sampling nozzles to avoid underestimating TSP concentration. S Develop a stronger PIC with more durable and moisture-resistant material. S Accommodate PICs into future barn design, provide additional space between the PIC and barn sidewall, and ensure sufficient ventilation capacity. S Minimize leakage around the PIC to increase PM removal efficiency.
